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TEMPORAL AND TEMPERATURE DEPENDENCE OF THE ENERGY TRANSFER PROCESS
AMONG Eu>* IN AN AMORPHOUS SOLID

Jack R. Morgan and M. A. El1-Sayed
Department of Chemistry
University of California

Los Angeles, California 90024

ABSTRACT
The time dependence of the 500 - 7F0 excitation energy transfer
between Eu3+ jons in different sites within the inhomogeneous profile

for 30 mole per cent Eu3+

in Ca (P03)2 glass is studied at different
temperatures. Fluorescence laser narrowing techniques are used and

the decay curve of the resonant (donor) fluorescence was analyzed.

The temporal fit to the Inokuti-Hirayama equation shows that while
dipole-dipole, dipole-quadrupole, quadrupole-quadrupole mechanisms may
describe the transfer at short times, the dipole-dipole mechanism
describes the transfer until ~ 90% of the excitation has been trans-
ferred. Only after 95% of the excitation is transferred in the con-
centrated samples and at T > 298% K was a fit to diffusion-type behavior

observed.
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INTRODUCTION

The description of the time dependence of energy transfer between

like ions or molecules randomly arranged in solids or solution has

recently become an area of active theoretical and experimental research.

In a system of optically active species arranged in a well-defined
periodic lattice, the energy migration can be described by the diffusion
equation in which the diffusion coefficient is independent of time,1
yielding an exponential decay of the excited donor species.z'4 When the
optically active molecules or ions have instead random energies and
distance of separation, a distribution in coupling would exist which

makes the diffusion constant a function of time] and the decay of the
2

donor becomes nonexponential.”™ How nonexponential the decay of the donor

becomes was the main question asked by a number of theoretical treatments

in thlr'ee]'7 and one8’9

dimensional systems transferring their energy by

a phonon assisted (nonresonant) energy transfer process. In all of these
treatments, the time dependence of the energy transfer process, as
followed by the decay of the emission intensity of the donor, is predicted
to vary during the decay and to depend on the concentration as well as

the degree of randomness of the optically active species studied. These
theoretical predictions suggest that at long enough time a diffusive

3/2

behavior, in which the donor intensity decays as t~ for a three-dimen-

sional system, should be observed. Recently it has been theoretically

10 that the diffusive behavior is reached “aster at higher concentra-

shown
tions for transfer between 1ike ions or molezules in solution.
On the experimental side, direct donor-donor energy transfer has been

examined either indirectly by concentration quenching, by trapping, or
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more directly by either studying the concentration dependence of the

lifetime or the changes in the polarization ratio of the fluorescence

11-14

emission. The theory of the latter has been worked out and compared.
More recently, with the advent of lasers, direct like-ion transfer

resulting in spectral and spacial diffusion has been studied by either

time resolved fluorescence line narrowing (FLN) techm’ques]5

16

or by
grating methods. In the FLN studies, the time development of the site
selected donor fluorescence as well as the inhomogeneous spectra for the

17-21 3+ 22-28

pr3* jon in crystalline LaF3 and Eu” in Ca(PO3)2 glass have

been examined. The results of the time resolved FLN techniques have

17-26 that the energy transfer in these systems is phonon assisted

shown
whose rate is independent of the energy mismatch at the temperatures
used in these studies (at which KT is greater than the inhomogeneous
width). The Inokuti-Hiroyama equation5 was found to be useful in analyzing

17-26 The

the data from which a multipolar mechanism has been tested.
results of all the workers on these different ions suggest a dipolar
mechanism except for one study27 on Eu3+ that suggests a quadrupolar
mechanism. In this letter, we carefully examined the temporal and
temperature behavior to determine the transfer mechanisms involved in
the different time regimes during the course of the transfer.

Time resolved FLN techniques involve recording the spectra at
different delay times after short time pulsed excitation of a selected
site. While this technique gives detailed information concerning the
time development of the spectral frequency characteristics, it does

not cover the details of the time domain of the donor decay, since only

a few delay times are used under different excitation and detection
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conditions. In this communication we have used a gated photomu]tio1ier26

Tl teat cnn e i e L SR S

to record the fluorescence decay in resonance with the laser excitation
{ of a site absorbing at 5760 A within the inhomogeneous profile of the

| 7Fy - 20y absorption of 10 and 30 mol percent Eu>* in Ca(P0,), glass
E over the 100 K - 450 K temperature range.

' Three time regimes have been observed: the short time regime
E( for which all three multipolar mechanisms describe the transfer, the
‘ time regime for which the majority of the decay (v 90% of it) is

l described by a dipolar mechanism (in agreement with previous worker522'26’ 28

-1.5 fit could be made, suggesting

and the regime for which long time t
a diffusion behavior. The range of the fit at early and at long times

] is examined as a function of temperature in the 100 - 450° K range.

EXPERIMENTAL

Glass samples of 10 and 30 mole percent Eu3+ in Ca(P03)2 were used.

Sample sizes were approximately 1x1x2 cm, were well polished and of good

optical quality. The 5760 A output from a Quanta-Ray DCR-1 pulsed

Nd:YAG pumped PDL-1 dye laser with a 6 ns fwhm pulse width and ~ 0.3 em”!

spectral width was focused into the sample with a width of approximately

0.5 mm. THe excitation wavelength corresponds to the high energy side

of the inhomogeneously broadened 7F0 - 500 Eu3+ absorption in this glass.

The 500 -7

beam and focused into the slits of a 1 M Jarrel-Ash monochromator with
1

F0 fluorescence was collected at right angles to the laser
an effective slit-width that varied between 0.6 and 1.8 cm ', considerably
less then the observed homogeneous width of the transition. The

monochromator was carefully turned to the laser wavelength so as to follow

the intensity of resonant fluorescence. Resonant detection required that

Al et S, niiihanch ducndl Py
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the phototube be gated off during the laser pulse to prevent saturation

of the phototube by the intense scattered laser light. The same gated

phototube of ref. 26 was used with a 5 us gate width. The signal was %
fed into a Biomation 805 waveform recorder with 5 and 10 us sampling :
intervals. The digitized signal was averaged over 10,000 laser shots

by a homebuilt signal averaging computer linked to a PDP 11/45 computer.
Data was taken at 50 K intervals in the 100 K to 450 K temperature %

range. ;o

DATA ANALYSIS

The physical quantity of interest in these experiments is the

population of the excited donor ions at any time minus its equilibrium

steady state value (attained when the net transfer of excitation is

zero) after correcting for the population loss due to first order decay
processes. The set of donor ions consists of those ions initially excited
b by the laser pulse at time t = 0 and those that fluoresce in resonance

3 with the initially excited ions. In order to determine this quantity

in terms of experimental parameters, the following expression26 is used:

P(t) = [I(t)exp(t/1y) - P I/ (1-P () (1)

i ol

where P(t) is the population of excited donor ions at time t minus its

steady state value resulting when the net transfer of excitation is zero,

after correcting for the first order decay. P(t) changes from 1 at

t = 0 to zero when the excitation density of the donor population fits
the inhomogeneous profile of the 500 - 7F0 fluorescence (i.e. reaches a
steady state value). I(t) is the emission intensity at time t normalized

to its value at t = 0; 0 is the observed first order lifetime of the




500 - 7F0 transition, and PSS is the steady state population of excited

donor ions, when the relative excited donor intensity at the donor
frequency fits the uniform inhomogeneous profile. The emission intensity
at t = 0 was found by extrapolating the observed early time behavior,
In(I) + t/r0 « t1/2 consistent with a dipole-dipole transfer mecham‘sm,5
tot =0.

To determine Pss’ the method illustrated in Fig. 1 is used. If the
long time exponential part of the donor emission is taken as the first order
decay of the full inhomogeneous profile after transfer equilibrium is
reached, then the t = 0 intercept of the line f}tted to the exponential
part gives Pss’ the steady state population of the donor (corrected
for the first order decay). The slope of the line gives o For the
30 percent sample at temperatures > 250 K a value of 0.05 + .01 is
obtained for Pss’ independent of temperature. This value is about what
is to be expected from consideration of the linewidth of the homogeneous
profile at 5760 A relative to the inhomogeneous profile. Artificially
higher values for PSS are observed at temperatures below 250 K for the
30 percent sample and for the 10 percent sample at all temperatures.

This is the result of a decrease in the transfer probability relative

to the first order decay which prevents the steady state from

being reached (due to the dominance of the first order decay). A value
of 0.05 has been used for both glasses at all temperatures. Eq. (1) then

becomes:

P(t) = [I(t)exp(t/t,) - 0.051/0.95 (2)




R

RESULTS AND DISCUSSION

The results of the time dependence of the donor fluorescence

intensity are shown in figs. 2 and 3. Fig. 2 shows the results of

-attempting the decay of the donor excitation (P(t)) to the different

predicated behavior for a dipole-dipole (top), dipole-quadruple (middle)
and quadrupole-quadrupole (bottom) mechanisms. Fig. 3 is a log(P) vs
log(t) plot of the long time behavior to test for the diffusion limit.

The theoretical results of Inokuti and Hirayama predict that,
in the absence of back transfer from acceptor to donor, the donor decay
can be described by In(I) + t/-c0 m-t3/5, where s = 6,8,10 for dipcle-
dipole, dipole-quadrupole, and quadrupole-quadrupole coupling respectively.

(Huber et a]z have considered various approximations for back transfer

where they find that the donor decay at early times can be described by

In{ P(t)] -t3/s.) Fig. 2 shows the attempt to fit the behavior of P(t) to

these three mechanisms for the 30 percent sample at room temperature.

As shown in the figure, at short times all three mechanisms can describe

the transfer process. However, the dipole-dipole mechanism continues to

describe the transfer until ~ 90 percent of the excitation has been

transferred. At very short times, i.e., transfer over short distances,

any mechanism (even exchange mechanism) may lead to transfer. All the ;
terms resulting from the expansion of the coulombic term could lead to |
transfer. At long time (large distances) the relatively strong long

range dipole-dipole mechanism is found to describe the transfer. As

shown in Table 1 the dipole-dipole mechanism describes ~ 90% of the decay

of P(t) for the 30 percent sample for temperatures = 250 K. At lower

temperatures or concentration first order decay dominated before an

observation of the long time behavior could be made. This is a

result of the decrease in the transfer probability relative to

o

the first order decay rate.

g
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At very short times an exponential decay of P(t) may be expected
2,6

This effect has been observed in crystalline Pr:LaF3 at very short times.2

due to transfer to acceptors at the discrete nearest neighbor separation.

This very short time behavior was not observed on the time scale of our
experiments (which might not have been sufficiently short).
At long time, the exp(—(t/TTR)l/2 fit of P(t) fails for both the
10 and 30 percent samples at all temperatures. Diffusion behavior has
been postulated as the long time 1imit and has been observed in Monte Carlo

29 and three6 dimensions. Diffusion in three

3/2

calculations in both one
dimensions js characterized by a P(t) «t~ behavior. Fig. 3 shows
the fit at long time for the 30 percent sample at room temperature.
Although the signal to noise is poor and the slope more sensitive to the
measured value of PSS than at early time, the data is consistent with a

P(t) = -3/2

behavior when the donor excitation has dropped to less than

5 percent of its initial value. This behavior is reached in a shorter

time than the first order lifetime and after ~ 95 percent of the excitation
has been transferred. The full -1.5 siope in the log-log plot is reached
only for the 30 percent sample at room temperature and above as shown in
Table 1. For the slower transfer rates resulting from a decrease in
temperature or concentration, the first order decay process

uominates the excitation decay of the donor before an observation of the
diffusion behavior can be made. These results are in good agreement with
the calculations of Gochanour et a1.10

In summary, we have found three time regimes for the decay of P(t):

i) a short time regime for which three terms in the multipolar expansion

can describe the transfer; ii) most of the remaining of the decay in

ETHRS.




which the dipole-dipole mechanism seems to dominate; and iii) a long time
regime consistent with diffusion behavior after 95 percent of the excita-
tion has already been transferred only in the 30 percent sample and at

temperatures = 298° K. At low concentration or temperature the first

order decay was found to dominate the emission before an observation of the

long time behavior could be made.
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Fig. 2.

Fig. 3.

Fig. 1.
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Figure Captions

Semilog plot of intensity vs. time (t) for 30 mole percent
Eu3+:Ca(P03)2 glass at 298 K illustrating the method used for
determining the steady state value of the donor excitation
probability (Pss) and the donor first order }jfetime

(ro) (see text). The first order lifetime for the glasses used

in this study is ~ 1.5 msec.

The electronic coupling transfer mechanism, a fit to the
Inokuti-Hirayama equation for a dipole-dipole (top), dipole-
quadrupole (middle) and quadrupole-quadrupole (bottom) mechansims
for a 30 percent Eu3+ sample at room teﬁperature. The figure
shows that at short time (transfer over short distances) all

the mechanisms can describe the transfer while the long range
dipole-dipole mechanism continues to describe the transfer

for ~ 90 percent of the total donor excitation.

The diffusion 1imit: The long time fit of the decay of the donor

excitation to diffusion behavior (P « t'3/2)

for a 30 percent
sample at room temperature. This limit is reached after ~ 95
percent of the excitation is transferred for this sample at
298° K. This behavior is not seen for lower temperatures or

concentrations.




Table 1. Temperature dependence of observed range for the dipole-dipole
mechanism and the diffusion behavior in the 30 percent Eu3+

sample in calcium metaphosphate glass.

T . Dipole-DipoTe ' Best value* | Diffusion Range
: Temperatures Range * from for long time i from
3 % (°K) ’ P=1 to P= ‘ slopet | P=0to P=
3 T | |
100 . 0.34 £ 0.10 i -0.55 -
: !
: | 150 0.30 + 0.10 - -0.65 | -
200 0.21 + 0.07 -0.87 -
250 0.12 + 0.02 -1.3 -
300 0.08 + 0.02 -1.5 + 0.3 0.04 + 0.02
350 0.06 £ 0.02 -1.5+0.3 0.05¢ 0.02
400 0.06 + 0.02  -1.6+0.3  0.03 + 0.02
450 0.08 + 0.03 -1.6 + 0.3 0.03 + 0.02

* For logP vs logt plot; a slope of -1.50 might suggest diffusion limit.
* For temperatures lower than 300 K, the transfer rate is decreased

sufficiently that the decay of the donor was dominated by first

order process which prevented observation of the Tong time

g behavior of the transfer process.




1.000

(arb. units)

Int.




DIPOLE-DIPOLE




1.000 .

& t%

P

-—h
(=
1 ]uuu? 2 291

@
oub
@
1T

1101t}

001 Y T T T 7T

1000

g




SP472-3/A1

472:CAN:716:enj
78u472-608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

Of fice of Naval Research
Attn: Code 472

800 North Quincy Street
Arlington, Virginia 22217

ONR Western Regional Office
Aten: Dr. R. J. Marcus
1030 East Green Street
Pasadena, California 91106
ONR Eastern Regional Office
Attn: Dr. L. H. Peebles
Building 114, Section D
666 Summer Street
Boston, Massachusetts 02210
Director, Naval Research laboratory
Attn: Code 6100
Washington, D.C. 20390
The Assistant Secretary
of the Navy (RE&S)
Departaent of the Navy
Room 4E736, Pentagon
Washington, D.C. 20350

Commander, Naval Air Systems Command

Attn: Code 310C (H. Rosenwasser)
Department of the Navy
Washington, D.C. 20360

Defense Technical Information Center

Building 5, Cameron Station
Alexandria, Virginia 22314

Dr. Fred Saalfeld
Chemistry Division, Code 6100
Naval Research Laboratory

Washington, D.C.

20375

N—o‘i
Cogies

12

U.S. Army Research Office
Attn: CRD-AA-IP

P.0. Box 1211

Research Triangle Park, N.C. 27709
Naval Ocean Systems Center

Attn: Mr. Joe McCartney

San Diego, California 92152

Naval Weapons Center
Attn: Dr. A: B. Amster,
Chemistry Division

China Lake, California 93555

Naval Civil Fngineering laboratory
Atta: I, Re W. Drisko
Port Hueneme, Calitornia 933401
Department of Physics & Chemistry
Naval Postgraduate School
Monterey, California 93940

Sclenttitic Advisor

Commandant of the Marine Corps
(Code RD-1)

Washington, D.C. 20380

Naval Ship Research and Development
Center

Attn: Dr. G. Bosmajian, Applied
Chemistry Division

Annapolis, Maryland 21401

Naval Ocean Systems Center

Attn: Dr. S. Yamamoto, Marine
Sciences Division

San Diego, California 91232

Mr. John Boyle
Materials Branch
Naval Ship Engineering Center
Philadelphia, Pennsylvania 19112

No.
Copiles




o

SP472-3/A3 472:GAN:716:en]
78u472-608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

-Nil
Copies
Mr. James Kelley
DTNSRDC Code 2803
Annapolis, Maryland 21402 1
Mr. A. M. Anzalone !
Administrative Librarian ;
PLASTEC/ ARRADCOM
Bldg 3401
Dover, New Jersey 07801 1
!
2

© e mir i SRR T RRAAL (SRR P MU TIIOIAGS: 4k, iy Ao ¢ . By i T o ’ e - o3y ales siagl s RN 2 g




e R — g -

A}

SP482~-3/423

TECHNTICAL REPORT DISTRIBUTION LIST, 051la

‘5‘ -

+72:GAN:716:ddc
78u472-608

No.

Coples

;;T\FnNJb El-Sayed

Departmedt~of Chemistry
University of-California,
Los Angeles -

_Les Angeles, CalifoPmia 90026 !

~.
Dr. E. R. Bernstein
Department of Chemistry
Colorado State University
Tor: Collins, Colorado 90521 1

Dr. C. A. Heller

Naval Yeapons Center
Code 6059

China Lake, California 93555 1
Dr. J. R. MacDonald

Chemistry Division

Naval Research Laboratory

Code 6110
washington, D.C. 20375 1
Dr. G. B. Schuster

Cheaistry Department

University of Illinois

rbana, Illinois 61801 1

Dr. A. Adamson
Department of Chemiscry
University of Southern
California
Los Angeles, California 90007 1
Dr. M. S. Wrighton
Depar:tment of Chemistry
Masgachusetts Institute of
Technology

Caabridge, Massachusetts 02139 1

'
NO.

Cooies
e t——

Dr. M. Rauhut

Chemical Research Division

American Cyanamid Company

Bound Brook, New Jersey 08805 1

Dr. J. I. Zink

Department of Chemistry

University of California,
Los Angeles

Los Angeles, California 90024 1
Dr. D. Haarer

IBM

San Jose Research Center

5600 Cottle Road

San Jose, California 95143

Dr. John Cooper

Codo /130

Naval Research Laboratory
Washtngton, D.C. 20375

Dr. William M. Jackson
Department of Chemistry
Howard Universitcy
Washington, DC 20059

Dr. George E. Walraffen
Department of Chemistry
Howard University
Washington, DC 20059

.1 Py -







